The effects of cyclic deformation and copper content on the thermo-mechanical characteristics in Ti-Ni-Cu alloys were investigated. Thermo-mechanical cyclic tests were conducted for various strains at a fixed heating temperature. Specimens were Ti-45Ni-5Cu, Ti-40Ni-10Cu and Ti-37Ni-13Cu (at%), annealed at 673 K for 3.6 ks after cold drawing with 30% reduction. The results show that the change of functions such as residual strain and the strain energy is significant in early cycles, but it becomes insignificant after 100 cycles. Also, the change of functions with number of cycles shows the dependence on copper content. In order to clarify the effects of cyclic deformation and copper content on the degradation of functions, the volume fraction of slip-deformed martensite is evaluated by a two-phase model consisting of the parent phase and the martensitic phase connected in series. The volume fraction of slip-deformed martensite represents the variation of the residual strain and the degraded recovery strain energy with number of cycles and copper content. Based on these results, it is concluded that the volume fraction of slip-deformed martensite is a measure which represents the effects of cyclic deformation and copper content on the degradation of functions.
Introduction
Ti-Ni shape memory alloys have been used in various fields because of their superior characteristics. The shape memory effect and superelasticity are often used under cyclic deformation. Therefore, the degradation of these functions and fatigue properties have been important concerns, and more improvements in functions and fatigue properties are still required.
It has been reported that Ti-Ni-Cu alloys in which Cu is substituted for Ni have been effective for improving the shape memory and superelasticity characteristics. [1] [2] [3] Copper addition reduces the transformation temperature hysteresis. The transformation hysteresis of Ti-41.7Ni-8.5Cu (at%) alloy is 20-25 K, while that of Ti-Ni alloy is about 60 K. 4) Reduction of transformation hysteresis is effective for a thermal actuator such as heat engine, and heat engines incorporating Ti-Ni-Cu alloy wires have been proposed. 5, 6) Furthermore, the effects of cold working and shape memory treatment on transformation temperatures in Ti-41.7Ni-8.5Cu (at%) alloy have been investigated. 7) Application of cyclic loading changes the deformation behavior and leads to fatigue fracture. The effects of applied strain, cold working and shape memory treatment on cyclic behavior in Ti-41.7Ni-8.5Cu (at%) alloy have been investigated under a constant temperature. 4, 8, 9) Fatigue properties in Ti-Ni-Cu alloy have been investigated. Under thermomechanical cycling, the effects of heating temperature and cold working on fatigue properties in Ti-41.7Ni-8.5Cu (at%) alloy have been reported. 10, 11) Furthermore, the effects of strain amplitude and heating temperature on fatigue life in Ti-40Ni-10Cu (at%) alloy have been investigated by rotary- * Graduate Student, Ehime University.
bending deformation under several fixed temperatures. 12) However, there have been few works which investigate systematically the effect of copper content on cyclic deformation and fatigue properties. Therefore, it is practically important to clarify the effect of copper content on cyclic behavior and fatigue properties in Ti-Ni-Cu alloys.
The purpose of the present paper is to investigate the effect of cyclic deformation on the thermo-mechanical characteristics of Ti-Ni-Cu alloy wires with several copper contents.
Experimental Procedure
Several Ti-Ni-Cu alloy ingots were made using a high frequency induction vacuum furnace. The alloys were different in Cu and Ni contents with a constant Ti content (50 at%), i.e., the compositions of the alloys were Ti-45Ni-5Cu, Ti40Ni-10Cu and Ti-37Ni-13Cu (at%), respectively. The ingots were hot-forged and hot-extruded followed by cold drawing and intermediate annealing to make wires with a diameter of 1.0 mm. The wires were cold-drawn with the reduction of 30% (i.e., reduction rate in cross section) and were cut to 120 mm in length. The wire specimens were annealed at 673 K for 3.6 ks. Since the surface of specimens was covered with oxide scale produced in the working and heat treatment processes, the oxidized surface layer was removed by pickling and electropolishing except for both ends of specimen which were clamping sections.
Cyclic tensile tests were carried out at fixed heating temperature T H (363 K) and cooling temperature T C (293 K). Figure 1 shows the schematic stress-strain curve representing the thermo-mechanical behavior for N th cycle. The specimen was elongated to a given strain ε max at T C (a-b-c in Fig. 1 , starting point at the first cycle was O). At point c, the specimen was heated up to a given temperature T H under con- strained strain (c-d in Fig. 1 ). Then, at point d, the specimen was unloading to stress free at T H (d-e-f-g in Fig. 1 ), and then, at point g, the specimen was cooled down to a given temperature T C . In the figure, σ D is the deformation stress at the maximum applied strain ε max . σ R is the maximum stress generated by reverse transformation at T H and ∆σ R is the recovery stress (= σ R −σ D ). ε max is maximum applied strain and ε p is residual strain and ε D is applied strain at N th cycle. The area which is surrounded by d-e-f-g-h-d in Fig. 1 is the recovery strain energy E R per unit volume during one cycle. The area which is surrounded by a-b-c-h-a in Fig. 1 is the applied strain energy E D per unit volume during one cycle, and
E UL is the elastic modulus during elastic recovery in the strain range below 0.4% under unloading at T H . The elastic modului E M of martensitic phase and E A of parent phase in Ti-Ni-Cu alloys with various copper contents were obtained by isothermal tensile tests at temperatures of 293 K and 363 K, respectively. The elastic moduli of Ti-Ni-Cu alloys are listed in Table 1 . The transformation temperatures of the specimens were measured by DSC (differential scanning calorimetry). Furthermore, the transformation temperatures and the recovery stresses in Ti-Ni-Cu alloys under load were obtained by stress-temperature diagrams. Figure 2 shows the stress-strain curves as a function of copper content for Ti-Ni-Cu alloys. The deformation stress σ D is different according to copper content. When the specimen is heated up to a given temperature T H under constrained strain, the stress σ R is generated owing to the reverse transformation. σ R and the recovery stress ∆σ R (= σ R − σ D ) are also different according to copper content. When the heating temperature T H does not exceed the reverse transformation finish and Ti-37Ni-13Cu (at%) alloys. temperature A f , both martensitic phase and parent phase exist in the specimen. Therefore, the reverse transformation occurs during unloading at T H , and after finishing the reverse transformation, the specimen recovers elastically. If the heating temperature T H is above A f , the specimen recovers elastically and the reverse transformation process (e-f in Fig. 1 ) does not appear during unloading at T H . Figure 3 shows the effect of copper content on the deformation stress σ D as a function of the maximum applied strain ε max . In the figure, the values of Ti-50Ni (at%) alloy are plotted for reference. For the copper contents below 7.5 at%, σ D decreases with increasing copper content. However, above 7.5 at%Cu, σ D increases with increasing copper content. This variation with copper content originates from the difference in the crystal structure of martensites of the alloys: i.e., a monoclinic lattice for the alloys of copper content below 7.5 at% and an orthorhombic lattice for those of above 7.5 at%. Figure 4 shows the relationship between ∆σ R and the applied strain ε D as a function of copper content, where the value of ∆σ R is the stress which is generated in the temperature range from A s to A f . In the figure, the value of Ti-50Ni (at%) alloy is plotted for reference. ∆σ R increases with increasing the applied strain ε D . It shows a copper content sensitivity and increases with increasing copper content. However, when the copper content is above 10 at% and ε D is above 3%, ∆σ R changes little with copper content and applied strain. Figure 5 shows the relationship between the reverse transformation temperatures and the applied strain ε D as a function of copper content. In this figure, A s and A f measured by DSC and those of Ti-50Ni alloy are also plotted for reference.
Results

Thermo-mechanical properties
A s increases slightly with increasing the applied strain ε D . On the other hand, A f increases with increasing applied strain. Values of A s and A f are higher than those of stress free which are measured by DSC because the applied stress assists the martensitic transformation. The martensite transformation start and finish temperatures also change with applied strain. M s increases with increasing applied strain, but M f increases slightly with increasing applied strain. However, these transformation temperatures under load are insensitive to copper content.
The heating temperature T H in this experiments is lower than A f under load. Therefore, the residual martensitic phase increases with increasing applied strain. Figure 6 shows the effect of cyclic deformation on residual strain, where the value of the residual strain ε p is normalized against that of the maximum applied strain ε max and shown as a function of number of cycles. This figure also shows the effects of maximum strain and copper content on residual strain.
Cyclic behavior
The residual strain ε p increases with increasing number of cycles and applied maximum strain. However, the changes in ε p /ε max with maximum applied strain are little. On the contrary, the residual strain ε p shows the dependence on copper content and ε p in Ti-Ni-Cu alloy of 5 at%Cu is larger than those of above 10 at%Cu. Figure 7 shows the effect of cyclic deformation on the applied strain ε D , where values of ε D are normalized against those of the maximum applied strain ε max and shown as a function of number of cycles. This figure also shows the effect of maximum strain and copper content on applied strain.
When the thermo-mechanical cycle shown in Fig. 1 is repeated, residual strain increases, and in the cooling process, the specimen elongates automatically (g-a in Fig. 1 ) owing to the two-way shape memory effect. Therefore, the applied strain ε D decreases with increasing number of cycles and maximum strain because residual strain increases with increasing maximum strain as seen in Fig. 6(a) . However, when ε max exceeds 3% and number of cycles is above 100, there are no significant gaps in the value ε D /ε max , as shown in Fig. 7(a) . The effect of copper content on ε D is the same as residual strain and ε D in Ti-Ni-Cu alloy of 5 at%Cu is smaller than those of above 10 at%Cu, as shown in Fig. 7(b) . Figure 8 shows the effect of cyclic deformation on defor- mation stress, recovery stress and the maximum stress generated by reverse transformation at T H , where values are normalized against those of the first cycle and shown as a function of number of cycles. This figure also shows the effect of copper content on the variation of stresses. The applied strain ε D decreases with increasing copper content as seen in Fig. 7(b) . Therefore, the deformation stress σ D shown in Fig. 8 (a) decreases with decreasing copper content. Although the change in deformation stress is significant in early cycles, it becomes insignificant after 100 cycles. Thus, training by deformation cycling prior to actual service is effective for stabilizing the deformation stress.
As seen in Fig. 5 , the reverse transformation start temperature A s varies little with applied strain, but A f decreases with decreasing applied strain. Since the heating temperature T H is fixed and the volume fraction transformed to parent phase increases with decreasing applied strain (i.e., decreasing copper content), the recovery stress increases with decreasing copper content as shown in Fig. 8(b) . However, the variation of the maximum stress σ R with number of cycles is little as shown in Fig. 8(c) .
A shape memory alloy actuator is one type of thermal actuator which is capable of converting thermal energy into mechanical energy, usually generating force and displacement. Therefore, the applied strain energy is desired to be small. On the other hand, the recovery strain energy associated with shape recovery is desired to be large. Furthermore, when a shape memory alloy is used as an element of heat engine, the available strain energy, which is the difference between recovery strain energy and applied strain energy, is also desired to be large. Figure 9 shows the effect of cyclic deformation on the strain energy, where values of strain energy are normalized against those of the first cycle and shown as a function of number of cycles. The change of the recovery strain energy E R with number of cycles depends on that of the maximum stress σ R and the residual strain ε p . The change of σ R is little, as seen in Fig.  8(c) . Thus, the change of E R depends mainly on ε p . Therefore, the decrease of E R is significant in early cycles, but it becomes insignificant after 100 cycles and shows the dependence on copper content, as shown in Fig. 9(a) . The change of the applied strain energy E D depends on those of the applied strain ε D and the stress σ D . Since the decrease of the strain ε D and the stress σ D in Ti-Ni-Cu alloy of 5 at%Cu is larger than those of above 10 at%Cu, as seen in Fig. 7(b) and Fig. 8(a) , the strain energy E D in Ti-Ni-Cu alloy of 5 at%Cu decreases largely as number of cycles increases.
When comparing E R with E D , E R is much larger than E D . Therefore, the change of the available strain energy E av with number of cycles depends on that of E R except early cycles. E av in Ti-Ni-Cu alloy of 13 at%Cu is larger than those of two alloys below 10 at%Cu and increases with increasing number of cycles and becomes constant after 100 cycles. Thus, the alloy with high copper content is effective for thermal actuators such as a heat engine.
Discussion
When the themo-mechanical cycle is repeated, functions such as residual strain, stress and strain energy vary with number of cycles and copper content, and alloys with high copper content show superior characteristics. However, it is noted that results are obtained at a fixed heating temperature. As seen in Fig. 2 , stress level on heating is different depending on copper content because σ D , A s and ∆σ R vary with copper content, as seen in Figs. 3-5. In this section, the discussion will focus on the influence of copper content on residual strain and the reduction of recovery strain energy, and the effect of copper content on the functional degradation will be discussed in relation to the volume fraction of slip-deformed martensite.
Evaluation of the volume fraction of martensite is based on the following assumptions:
(1) slip deformation occurs in the martensitic phase but not in the parent phase, (2) martensites subjected to slip deformation do not transform to parent phase even though they are heated up above A f after being unloaded, (3) reverse transformation is completely finished at point f (see Fig. 1 ) during unloading, (4) a two-phase model consisting of the parent phase and the martensitic phase connected in series can be applied to evaluate the volume fraction of martensite.
In the discussion, the assumptions (1) and (2) are based on that the critical stress for slip for the parent phase is several times larger than that of martensitic phase, and martensites subjected to slip deformation remain even after being heated up above A f after being unloaded, 13) and assumption (3) is confirmed experimentally. Figure 10(a) shows the effect of cyclic deformation on the elastic modulus E UL during elastic recovery (f-g in Fig. 2) , where the value is normalized against the elastic modulus E A of parent phase and shown as a function of number of cycles. E UL decreases with increasing number of cycles. The decrease in E UL shows that the residual martensites increase with increasing number of cycles.
In the N th cycle, the elastic modulus E UL during elastic recovery can be expressed by the following equation using the elastic modulus of parent phase E A and that of martensitic phase
where, ξ p is the volume fraction of slip-deformed martensite. From eq. (1), ξ p is given by the following equation.
Figure 10(b) shows the effect of cyclic deformation on the martensite volume fraction ξ p as a function of the maximum applied strain ε max . ξ p increases with increasing number of cycles and maximum strain because slip deformation increases with increasing number of cycles and applied strain.
Martensites subjected to slip deformation do not transform to parent phase. Thus the residual strain corresponding to the martensite volume fraction ξ p generates after being unloaded. Figure 11 shows the relationship between the martensite volume fraction ξ p and the residual strain ε p in Ti-40Ni-10Cu (at%) alloy as a function of the maximum applied strain ε max . The martensite volume fraction ξ p increases with increasing residual strain, and ξ p has a mutual relation with ε p regardless of the applied strain range. Figure 12 shows the effect of copper content on the martensite volume fraction ξ p . ξ p is plotted as a function of the residual strain ε p . The volume fraction of martensite shows 820 T. Sakuma, M. Hosogi, N. Okabe, U. Iwata and K. Okita the dependence on copper content and increases with increasing copper content. However, there are significant gaps in martensite volume fractions in the alloys above 10 at%Cu. From a comparison with the results of the functional degradation such as residual strain and strain energy, as seen in Fig.  6(b) and Fig. 9(a) , it can be stated that the increase in copper content restrains the degradation of functions with deformation cycling, but promotes the damage due to slip deformation. Figure 13 shows the relationship between the cumulative degraded recovery strain energy (E R (1) − E R (N )) and the volume fraction of slip-deformed martensite, where the value is normalized against the recovery strain energy at the first cycle and shown as a function of copper content. The degraded recovery strain energy shows the strong dependence on the volume fraction of slip-deformed martensite and increases almost linearly with increasing the volume fraction of slip-deformed martensite. The result shows that the volume fraction of slip-deformed martensite is capable of represent- ing the effect of copper content on degradation of functions. Based on these results, it may be concluded, for Ti-NiCu alloys with any copper contents, that the volume fraction of slip-deformed martensite controls the degradation of functions.
Conclusion
The effect of cyclic deformation on thermo-mechanical characteristics in Ti-45Ni-5Cu, Ti-40Ni-10Cu and Ti37Ni-13Cu (at%), annealed at 673 K for 3.6 ks after cold drawing with 30% reduction, was investigated at various applied strains under a fixed heating temperature condition. Furthermore, the effect of copper content on the functional degradation was investigated in relation to the volume fraction of slip-deformed martensite.
The following conclusions were derived from the results and discussion:
(1) The recovery stress generated by reverse transformation increases with increasing applied strain and copper content. However, there are no significant differences of recovery stress in Ti-Ni-Cu alloys above 10 at%Cu.
(2) The reverse transformation finish temperature increases with increasing applied strain, but the reverse transformation start temperature varies little with applied strain. Furthermore, both temperatures do not almost show the dependence on copper content.
(3) The charge of functions such as residual strain and strain energy is significant in early cycles, but it becomes insignificant after 100 cycles. Also, it shows the dependence on copper content.
(4) The variation of maximum stress generated by reverse transformation at a fixed heating temperature with number of cycles is little. Thus almost constant stress can be used in actual service regardless of copper content.
(5) For Ti-Ni-Cu alloys with any copper contents, the cyclic behavior (the variation of the residual strain and the degrated recovery strain energy with number of cycles) is strongly influenced by the the volume fraction of slipThermo-Mechanical Cyclic Behavior in Ti-Ni-Cu Alloy Wires 821 deformed martensite. Thus it can be stated that the volume fraction of slip-deformed martensite is regarded as a measure which represents the effects of cyclic deformation and copper content on the degradation of functions.
